We present the results of our study of the eclipsing binary systems CSS J112237.1+395219, LINEAR 1286561 and LINEAR 2602707 based on new CCD B, V , R c and I c complete light curves. The ultra-short period nature of the stars (Drake et al. 2014) is confirmed and the system's periods are revised. The light curves were modelled using the 2005 version of the Wilson-Devinney code.
INTRODUCTION
The term ultra-short period binaries (USPBs) refers to binaries with orbital periods shorter than ∼ 0.22d (Ruciński 1992; 2007) . Although several theories to explain the observed short-period cut-off have been proposed Stȩpień (2011); Jiang et al. (2012) , the explanation of this abrupt short period limit is still an open question. Since Ruciński works, several hundred USPBs have been discovered, being the first one BW3V38 -a detached system Udalski et al. (1995) while the list continues growing (e.g. Norton et al. (2011 ), Prsa (2011 , Lohr et al. (2013) , Drake et al. (2014) , Soszyński et al. (2015) and Li et al. (2017) ). The short-period contact systems, especially those on the short-period end, are of great interest for the study of the structure and evolution of eclipsing binaries. These systems are expected to be composed of two K or later-type components, according to the period-color relation for contact binaries (Zhu et al. 2015) . CSS J112237.1+395219 (hereinafter J112237), LINEAR 1286561 (hereinafter L1286561) and LINEAR 2602707 (hereinafter L2602707) were reported as USPBs systems with periods below 0.2 days by Drake et al. (2014) . The spectral type of the systems were obtained matching all the USPBs of their list with objects having spectra within the SDSS Data Release 10 (Ahn et al. 2014) . Table 1 lists the coordinates, periods and spectral types of our targets stars. J112237, being of K-type, is an important object for explaining the period cut-off phenomenon (Liu et al. 2014a) . At present, however, only a few binaries with periods shorter than 0.25 days have been studied in details. This makes our study on this <0.2 days period K-type system interesting. The other two systems are of M spectral type. Since short period M dwarf binaries are relatively faint objects, they are difficult to detect (Davenport et al. 2013) . Therefore, any new detection of such a system constitute a valuable contribution to the understanding of eclipsing binary formation.
In this paper multicolor light curves are analyzed simultaneously using the 2003 version of the Wilson-Devinney Code, revision of the October 2005 (Wilson & Devinney (1971) ; Wilson (1990) ; Wilson (1994) ; Wilson & van Hamme (2004) . Asymmetries in the light curves of short-period binaries have been commonly reported and are attributed to spot activity on the stellar photospheres which can be modelled very well by hot or cool spots on the components of the systems.
CCD PHOTOMETRIC OBSERVATIONS AND DATA REDUCTION
Observations were carried out at the San Pedro Martir Observatory either at the 2m telescope fitted with a filter-wheel and the Marconi 4 CCD detector (a deep depletion e2v CCD42-40 chip with gain of 2.30 e − /ADU and readout noise of 5.20 e − ) giving a field of view of 6 ′ × 6 ′ and at the 0.84-m telescope with another filter-wheel and the Spectral Instruments 1 CCD detector (a deep depletion e2v CCD42-40 chip with gain of 1.39 e − /ADU and readout noise of 3.54 e − ) giving a 7.6 ′ × 7.6 ′ field of view. Binning 2×2 was used during all the observations. Alternated exposures of the targets were taken with different Johnson-Cousins filters. The details of the observations are shown in Table 2 . Flat field and bias frames were also obtained during all the observing runs.
All images were processed using IRAF 1 routines. Images were bias subtracted and flat field corrected before the instrumental magnitudes of the variables and some field stars were computed with the standard aperture photometry method. In order to choose good comparison stars (with similar colors to Light curve solutions of three ultra-short eclipsing binaries 3 the variables), the fields were calibrated in the U BV (RI) c system (during very photometric nights) using standard stars from the Landolt catalog. The obtained magnitudes of the comparison stars are given in Table 3 . All or any part of the data is available upon request.
The new times of minima for the three systems, presented in Table 4 , are all heliocentric and determined with the polynomial fit method.
These new data allowed us to refine the ephemeris of the systems as follows:
J112237, HJD(M inI) = 2458213.7712(5) + 0d.1823999(4)E.
(1)
MODELLING THE LIGHT CURVES
The analyses of the observed light curves of the systems were carried out using the 2003 version (October 2005 revision) of the Wilson-Devinney code. To determine the mean surface temperature of star 1, we used the spectral classes provided by Drake et al. (2014) and, according to the MK spectral types given in Allens Astrophysical Quantities (Cox 2000) , we assigned to the primary stars an effective temperature of T ef f = 4830K, 3120K and 3520K for J112237, L1286561 and L2602707 respectively and used them as primary temperatures in the light curve analyses. In each case, the q−search method was performed to find the best initial value of q. We assumed gravity darkening and bolometric albedo exponents appropriate for the convective envelopes (T ef f < 7500K). Limb-darkening coefficients of the components were interpolated from the square root law of the Claret & Bloemen (2011) tables.
The shape of the light curve of J112237 resembles that of typical W UMa-type binary stars. Therefore, for this star we started the W-D analysis directly in Mode 3 -overcontact configuration. For the other two systems, the calculations were started in Mode 2 -detached configuration. The different computation modes offered by the W-D code can be found in Wilson & van Hamme (2004) .
The observed light curves of J112237 and L1286561 are asymmetric and show unequal quadrature heights, with maximum I being brighter than maximum II. A spotted model was introduced to account for the asymmetry in the observed light curves, known as O'Connell effect (O'Connell 1951) , which is present in several eclipsing binary light curves and can be explained by spot activity in the component stars (Zhai et al. 1988 ) and are of the same nature as solar magnetic spots (Mullan 1975) .
A sufficient number of runs of the DC program was made, until the corrections to the parameters became smaller than their probable errors. The corresponding relation is plotted in Figure 2 .
Starting with the preliminary solutions for the values of q found, we performed a more detailed analysis with q being treated as an additional free parameter. Parameters of the accepted solutions are listed in Table 5 , while Figure 3 shows the best fits for the model parameter from WD code and the observed light curves of the systems. In our final solutions, we also found that the contribution of a third light is negligible.
It should be noted that the errors of the parameters given in this paper are the formal errors from the WD code and are known to be unrealistically small (Maceroni & Ruciński 1997) . For a discussion see Barani et al. (2017) .
ESTIMATE OF THE ABSOLUTE ELEMENTS
Due to the lack of radial velocity (RV) solutions, we used empirical relations to determine the absolute parameters of the binary systems. Dimitrov & Kjurkchieva (2015) gave a period -semi-major axis (P − a) relation on the basis of 14 binary stars having P < 0.27d which had both RV and photometric solutions, which is approximated by a parabola:
where P is in days and a is in solar radii.
Light curve solutions of three ultra-short eclipsing binaries 5 Following the above relation, we determined a semi-major axis a(R ⊙ ) of our three systems. The (P, a) relation (4) corresponds to the following relation "period-mass" for short-period binaries:
Where M is the total mass of the binary. The mean fractional radii of the components were obtained with the formula:
Using the semi-major axis, we can calculate the radii of the binary components as R 1,2 = ar 1,2mean .
Considering a solar temperature of T ⊙ = 5780K, absolute parameters of bolometric magnitudes and luminosities can be calculated using the equations: 
The mean densities of the binary components were derived from the following equation given by Mochnacki (1981):
ρ 1 = 0.0189/r 3 1,mean P 2 (1 + q).
ρ 2 = 0.0189q/r 3 2mean P 2 (1 + q).
The mass of the primary component M 1 is calculated via Eq. 5, while the mass of the secondary component is directly calculated from the estimated mass ratio of the system.
All the above calculated values are listed in Table 6 . Following the equation of page 131 of Popper & Ulrich (1977) paper, we calculated the orbital angular momentum of the targets
where P is in days and M i are in solar units.
The obtained values logJ rel (Tab.6) of our two LINEAR systems are considerably smaller than those of detached systems, which have logJ rel > +0.08.
The orbital angular momentum of J112237 is smaller even than that of contact systems, which have logJ rel > 0.5.
The small orbital angular momentum of J112237 implies the existence of a past episode of angularmomentum loss during binary evolution. It also means that J112237 is not a pre-main-sequence object.
DISCUSSION ON THE SYSTEMS
Here we have presented the analysis of filtered CCD light curves of three USPBs. One of these, J112237, is a contact system of spectral type K while the other two are rare detached systems in which the components are non degenerate M dwarf.
J112237
The values of mass ratio found for J112237 indicates that the system is a typical W-subtype contact binary in the Binnendijk classication (Binnendijk (1965);Binnendijk (1970)). The system has a shallow contact configuration (fill-out 14.8%).
Contact binaries below the period limit of 0.22 days, i.e. Ultra Short Period Contact Binaries (USPCBs), are expected should be composed of two K-type or later-type components, according to the period-color relation for contact binaries (Zhang et al. 2014 ). According to the accepted orbital solution, the spectral type of the secondary component of J112237 is estimated to be K5 following Cox (2000) .
It is that a large amount of K-type short-period contact binaries may be W-type systems (Liu et al. 2014b ) and that the majority of W-type contact binaries show characteristics of being in shallow contact (Zhu et al. 2010) .
In recent years the list of known USPCBs, and their study, has been substantially extended, founding that most USPCBs have shallower fill-out factors (f < 20%) indicating that USPCBs have just evolved to a contact phase.
According to the thermal relaxation oscillation (TRO) theory (Lucy (1976): Lucy & Wilson (1979) ; Flannery (1976); Robertson & Eggleton (1977) ; Yakut & Eggleton (2005) and Li et al. (2008) ), via mass transfer between the components, a cycle of contact-semidetached-contact states will be formed.
The relatively small temperature difference between components of J112237 (∆T = T h − T c = 510K), is accepted for overcontact systems.
The different light levels at the quadrature were reproduced by a cool spot on the primary component.
A graphic representations and the Roche geometries of J112237 are shown in Figure 4 .
L1286561 and L2602707
The LINEAR systems are two rare M dwarf detached USPB systems with non degenerate components. Among them only other five systems are well or quite well studied to date (see Table 7 ). As discussed in Becker et al. (2011) , the sample of known binary systems composed of two M dwarfs is very small. For many years the shortest period known M dwarf binary system in the literature was BW3 V38 (Maceroni & Ruciński (1997 ), Maceroni & Montálban (2004 , composed of two main sequence M3 dwarfs with an orbital period of 0.1984 days and the similarity between the absolute parameters of this system with those of L2602707 is really surprising. Dimitrov & Kjurkchieva (2010) reported the shortest period M dwarf binary yet characterized, GSC 2314-0530 (BX Tri) with a 0.192636 days period Soszyński et al. (2015) found, among 242 USPBs, OGLE-BLG-ECL-000066 with the orbital period below 0.1d and the two components are M dwarfs in a nearly contact configuration. For both our systems the difference between the temperature of the components is really poor and, while L2602707 show symmetric light curves, for L1286561, to represent the asymmetries of its light curves, was necessary add a couple of cool spots on the massive component.
Light asymmetry has been reported commonly for light curves of short-period binaries and may be due to the spot activity on stellar photospheres. They can be reproduced by surface temperature inhomogeneities (spots). It is reasonable to assume existence of cool spots by analogy with our Sun. An interesting characteristic of L2602707 is that it is a twin binary system in which the mass ratio is near 1 (q = 0.9879). These kind of binaries were first noted by Lucy & Ricco (1979) . Statistical studies on the mass ratio distribution of binaries (e.g. Lucy (2006); Simon & Obbie (2009)) showed that the frequency of existing twins within the mass ratio 0.98−1.00 is about 3% among all binaries, at which F, G, and K spectral type systems dominate.
Among the systems of Table 7 , L2602707 is not the only twin binary. A graphic representation and the Roche geometry of L1286561 and L2602707 are shown in Figure 5 .
The components of all our three systems are shown in the mass-radius diagram (Fig.6 ) with other ten USPBs systems whose data are taken from Kjurkchieva et al. (2018) . Our systems follow the general pattern of the USPBs systems.
